Abstract-The electric turbocharger provides great potential for vehicle fuel efficiency improvement, exhaust emissions reduction and transient response acceleration. It makes the engine runs as a hybrid system so critical challenges are raised in energy management and control. This paper proposes a realtime energy management strategy for the electric turbocharger. A multi-variable explicit model predictive controller is designed to regulate the key variables in the engine air system, while the optimal setpoints of those variables are generated by a high level controller. The controllers work in a highly efficient way to achieve the optimal energy management. This strategy has been validated in simulations and experiments. Excellent tracking performance and high robustness demonstrate the effectiveness of the proposed method.
I. INTRODUCTION
The growing concern of global warming due to the greenhouse gas (GHG) emissions have raised great attention in improving the energy efficiency of the transport sector. Internal combustion engines (ICE) will continue to dominate transport systems for several decades [1] . In ICE, 30-37% fuel energy is lost in exhaust gas, while this figure can be significantly reduced by using advanced turbocharger technologies [2] .
In traditional turbochargers, the turbine is driven by the exhaust gas, and the compressor connected to the turbine is rotated. As a result, the fresh air is compressed into the engine. This layout recovers part of the exhaust gas energy otherwise lost, but has two main drawbacks. First, the amount of recovered energy at a specific engine operating point is limited by the compressor power demand to deliver the desired torque. Second, the engine torque response is constricted at low engine speeds due to the turbo lag. The electric turbocharger (ET) is a promising solution to overcome these drawbacks. In the ET, an extra-high-speed electric machine (EM) is mounted on the shaft connecting the turbine and compressor wheels. This layout improves the fuel efficiency by running the EM as a generator, and improves the transient response by running the EM as a motor. The ET is a cost effective approach to improve transient response [3] , [4] and downsize engines [5] , [6] .
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ing the switched reluctance machine (SRM) [8] , induction machine (IM) [9] , and permanent magnet synchronous machine (PMSM) [10] have been used for the manufacturing of the EM within the ET. A performance overview of those EMs is given in [11] . Several milestone studies on the characterisation have also been completed. The engine fuel efficiency is impacted by the pumping losses which vary when the ET works as a motor or generator [12] . It has been shown that the ET optimal working condition can be determined by the exhaust pressure [13] . In steady state, the efficiency of the turbine and EM are both characterised [14] . The ET decouples the intake manifold and exhaust manifold, which has been verified by multiple studies [15] . Furthermore, the controllability of the ET has been proved in [16] .
High efficient real-time energy management and control are the keys to the success of the ET. Meanwhile, maintaining the state-of-charge (SOC) level of the onboard battery in a reasonable range is essential. Real-time energy management and control of the ET are less developed compared to the progress in manufacturing and characterisation. This paper presents an attempt to address the gap. Recently, a consortium led by Caterpillar developed an ET for heavyduty diesel engines, named the Electric Turbocharger Assist (ETA). This study is based on an 7.01 L ETA-equipped heavy-duty diesel engine. An integrated real-time energy management strategy is designed in a hierarchical structure. At the high level, the desired setpoints of key performance variables are computed to distribute energy flows in the optimal way. At the lower level, the actuators are regulated using the explicit model predictive control (EMPC) method [17] to achieve the desired energy flow distribution in a centralized way.
II. SYSTEM DESCRIPTION
The diagram of an electric turbocharged diesel engine (ETDE) is illustrated in Fig. 1 , while the critical variables and parameters are listed in Table I . The ETA is a single stage turbocharger consisting of a variable geometry turbine (VGT), an EM and a compressor, which are mounted on the same turbine shaft. All exhaust gas passes through the ETA turbine except the exhaust gas recirculation (EGR). The expansion of the exhaust gas across the VGT rotates the compressor, and thereafter the fresh air is pumped into the intake manifold. When the EM runs in the generating mode, some of the exhaust gas energy is used to charge the battery and the turbine speed drops. This raises the exhaust pressure and exhaust gas temperature. On the other hand, when the EM runs in the motoring mode, both of the exhaust pressure and exhaust gas temperature drops. The VGT moves toward close to ensure sufficient energy is used for air compression. A SRM is used as the EM because of its simple structure and the resulting low cost. The SRM has a rated power of 5 kW.
According to the conservation laws of mass and energy, the engine air system dynamics can be determined by the pressure and mass changes in the intake and exhaust manifolds:ṗ in ,ṗ exh ,ṁ in andṁ exh [18] . Strong nonlinearities exist in the air system for the mass flow exchanges among the EGR, VGT, compressor, and manifolds. The mass flow rates can be expressed as:
W e is modeled using the speed-density equation; W egr is modeled as the standard orifice equation; W t and W c are modeled as nonlinear functions with respect to the efficiencies η t and η c . The dynamics of the turbocharger is represented by the mechanical equation:
where η m quantifies the bearing power losses on the turbine shaft and windage losses in the EM. The power of both compressor and turbine are represented by maps with respect to η t and η c :
III. REAL-TIME ENERGY MANAGEMENT STRATEGY DESIGN
Real-time energy management is to distribute the energy flows in an optimal way. It is achieved by online generating and tracking the optimal setpoints of p in , p exh and W egr , denoted as p in , p exh and W egr . According to the vehicle exhaust emission standards on NO x and particulate matter (PM), p in and W egr are generated from offline characterisation. To maintain the battery SOC within a special range while minimising the brake specific fuel consumption (BSFC), p exh would be updated online. The proposed strategy consists of high and lower level controllers as shown in Fig. 2 , where SOC is the desired value of SOC. The high level controller generates the optimal setpoints which would be tracked by employing the lower level controller.
A. Lower Level Controller Design
The EMPC is selected as the lower level controller for its capability in dealing with internal couplings and external constraints. The controller is synthesized offline using the multi-parametric quadratic programming (mpQP) method based on a linear model. The model is identified from calibration data. Afterwards, the synthesized controller will be run on the engine control unit (ECU). In the online implementation, the optimal control laws will be invoked according to engine feedback signals. The complete procedure in compiling and implementing the EMPC is illustrated in Fig. 3 . 
1) Problem Formulation:
The ETDE model is highly nonlinear due to the couplings among multiple loops. By segregating the entire engine operating region into multiple local zones, the ETDE model in one local zone can be linearised as
where x ∈ R n , u ∈ R 3 , and y ∈ R 3 are the state vector, input vector, and output vector, respectively; d is the disturbance; A, B, and C are coefficient matrices to be identified. The inputs and outputs are selected as
The control problem is defined as the following optimisation problem:
where
The constraints on u are the amplitude boundaries of the control signals, and the constraints on y represent the physical ranges of the outputs, where u and y have been defined in (3). H p and H c are the prediction horizon and control horizon respectively and H p ≥ H c is held. 2) Model Identification: Two independent data sets are generated for model identification. As an example, the experimental training and validation data at 1800 r/min, 120 N·m are illustrated in Fig. 4 . In the training set, the constraints on inputs are u min = 0.1 -1.5 kW 0 T , u max = 0.5 4.5 kW 0.5 T as shown in Fig. 4(a) . The corresponding engine outputs are plotted in Fig. 4(b) . The ssest solver in MATLAB is used to identify the linear model. The normalised root-mean-square deviation (NRMSD) is used to evaluate the identified model.
For the i-th variable in y, the NRMSD is
where y v is the validation data, y p is the model output, y v is the mean value of y v , and m is the number of data samples. The model order should not be too high to prevent overfitting. In this case, a 3rd-order model is identified while the NRMSD on p in , p exh and W egr are 86%, 83% and 80%.
Model validation results are given in Fig. 4(c) .
3) Controller Synthesis: Online optimisation in standard MPC is computationally intensive. This issue can be addressed by solving (4) offline over predefined ranges. Substituting (2) into the cost function of (4), the optimisation problem can be re-formulated as
where H, F, G, W, E are algebraically transformed from Q, R and system model (2) . (7) is transformed into the following form:
where S E +GH -1 F T . The solution z (k) is a continuous piecewise affine (PWA) function defined over a polyhedral partition, so is the U (k):
where the inequalities mean the constraints on the polygons, and m is the number of polygons. The MATLAB Model Predictive Control Toolbox is used to generate EMPC control laws. The control laws are stored in look-up tables within the ECU. In online implementation, control laws are read from the table without conducting any optimisation. This grants the EMPC the advantage of reduced computation time meanwhile maintaining identical performance with the MPC. In real-time control, only the first component of U (k) would be applied:
In the next sampling step, U (k + 1) is called from the lookup table again, and u(k + 1) is updated accordingly.
B. High Level Controller Design
The high level controller generates p exh according to offline mapping and online optimisation. In the offline mapping, the relationships among p exh , P em and BSFC are found. In the online optimisation, a feedback controller regulates the battery SOC while maximising the energy efficiency. 
1) Problem Formulation:
In the ETA, the following power balance equation holds:
To reveal the impact of battery SOC deviation on engine running, an equivalent power is defined as
Traditionally, the engine fuel economy is quantified by BSFC: Θ = W f /P b . In the ETDE, an equivalent BSFC is defined as Θ e = ΘP eq /P t . The control problem is formulated as
2) Offline Mapping: The offline mapping is completed at specific engine operating points. In this process, p exh is increased in a staircase manner, while p in and W egr are generated by the ECU. The developed EMPC controller is used to track the updated y . The values of p exh will be feasible only if p exh , p in and W egr can all be tracked for u ∈ [u min , u max ]. For each feasible p exh , the values of Θ, P t and P em will be recorded.
3) Online Optimisation: p exh varies according to different s(SOC) values which impact Θ e . To recover the battery SOC in real-time, the equivalent factor in (12) is designed as
where K is a positive constant to be designed, ∆SOC = SOC − SOC , and SOC is the desired value of SOC. At different SOC values, P t and P em have different weights on Θ e , and then p exh is read from the lookup table that corresponds to Θ e which holds the minimal value.
IV. VALIDATION RESULTS
The experimental setup is based on a Cat C7.1 ACERT heavy-duty off-highway diesel engine as shown in energy management strategy and controller robustness were evaluated in experimental testing.
A. Evaluation of the Lower Level Controller
The control performance at (1800 r/min, 800 N·m) are illustrated in Fig. 6 . The control signals are constrained by u min = 0.1 -5 kW 0 T and u max = 0.7 5 kW 1 T .
All the command signals are tracked well when p exh ∈ [260 kPa, 340 kPa] as in Fig. 6 , while p in and W egr are 240 kPa and 150 kg/h respectively. P em will be less than -5 kW if p exh > 340 kPa, which is out of the permissible range of u. From Fig. 6(b) , it can be observed that the ETA has more margin to recover energy at high load. The p exh values at different s are ploted in Fig. 6(c) .
B. Evaluation of the Energy Management Strategy
The integrated energy management strategy is evaluated under block loads between 120 N·m and 800 N·m, while the load profile is shown in Fig. 7(a) . The maximum EM motoring power is applied in load acceptance, and the maximum EM motoring power is applied in load shedding. This setting refrains the oscillation on N less than 100 r/min, as shown in Fig. 7(b) . The SOC is regulated to vary around the desired value as shown in Fig. 7(c) , while SOC = 0.5 and the SOC initial value is 0.2. This is achieved by updating and tracking of the p exh in real-time. 
C. Evaluation under Multiple Operating Points
The EMPC controller should hold robustness because it is required to be both effective at a single operating point and over a region. In Fig. 8 , the controller was tested under four different operating points, while the torque ranges from 120 N·m to 250 N·m. At all of the four operating points, the setpoints are tracked very well, as shown in Fig. 8(a) -Fig.  8(c) . This means that the EMPC controller is effective in a local zone once the actuators are not saturated.
V. CONCLUSION
A real-time energy management strategy on an electric turbocharger for heavy-duty ground vehicles is proposed in this paper. An EMPC controller is analytically designed to track the setpoints of selected outputs in a systematic way. A high level controller is designed to update the exhaust pressure setpoints online. The ETDE energy efficiency is consequently maximised while the battery SOC is maintained around the desired value. Promising validation results are provided in physical simulations and experiments.
